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Endohedral metallofullerenes present unique structures and
properties because the encapsulated metal atom(s) can donate
electrons to the fullerene cages.1 La2@C80 has attracted special
attention because of the three-dimensional random motion of two
La atoms inside the C80 cage.2-5 To investigate whether the motion
of metal atoms encapsulated inside fullerenes is controlled by
exohedral addition, density functional calculations were carried out
for the La2@C80 derivatives.6 It is shown that the three-dimensional
random motion of two La atoms in La2@C80 can be restricted to
the circular motion in a plane by attaching a silicon substituent on
the outer surface of the C80 cage. Very recently, we have reported
the preparation and characterization of the bis-silylated Ce2@C80,
in which the motion of two Ce atoms is regulated under a hexagonal
ring on the equator by the electron donation from the silyl group
to the C80 cage.7 Meanwhile, theoretical calculations7 predicted that
the motion of two La atoms is not regulated in a Diels-Alder
cycloadduct, La2@C80(C8H6(OCH3)2),8 in which the addend con-
nects to the C-C bond junction between pentagonal and hexagonal
rings (named 5,6-adduct).6 As may be apparent from the structural
and electronic similarities between La2@C80 and La2@C80(C8H6-
(OCH3)2), the attachment of the C8H6(OCH3)2 group has no
significant effect on the internal rotation of two La atoms. Such
dynamic behaviors of metal atoms encapsulated in various func-
tionalized endohedral fullerenes are of great interest in the field of
nanomaterial science.9

Since a variety of substituted azomethine ylides can be generated
from readily accessible starting materials, various functionalized
pyrrolidinofullerenes are obtainable by the Prato reaction.10-15 We
report here for the first time the synthesis and characterization of
a pyrrolidinofullerene derivative of La2@C80, La2@C80(CH2)2NTrt
(1, Trt ) triphenylmethyl), and disclose the motion of two La atoms
inside the carbon-substituted C80 cage.

Two different C-C bonds are available on the C80 cage in the
reaction with the azomethine ylide. One is the C-C bond between
two hexagonal rings (6,6-junction) and another between pentagonal
and hexagonal rings (named 5,6-junction). The pyrrolidinofullerene
derivative (1) was prepared by the thermal reaction of La2@C80

with 3-triphenylmethyl-5-oxazolidinone (2)16 in toluene (Scheme
1). The reaction proceeded smoothly to afford the adduct1, which
was purified by the preparative HPLC using a Buckyprep column.
The matrix-assisted laser desorption ionization-time-of-flight (MAL-
DI-TOF) mass spectrum of the adduct1 (C101H19NLa2) exhibits a
molecular ion peak atm/z 1523 and a peak atm/z 1238 due to a

loss of the addend. The visible-near-infrared (vis-near-IR) absorp-
tion spectrum of1 shows an absorption maximum at 668 nm, which
differs from the featureless spectrum of the pristine La2@C80 (see
Supporting Information). This difference suggests that theπ-elec-
tronic state of the C80 cage is modified by the cycloaddition of the
azomethine ylide.

The1H NMR spectrum of1 exhibits the existence of two isomers
(4:1). The major isomer (1a) shows two singlet signals at 3.22 and
3.45 ppm, and the minor isomer (1b) shows two doublet signals at
2.63 and 4.09 ppm. These1H NMR data indicate that1a has a
plane of symmetry that parallels the pyrrolidine ring, and1b has a
plane of symmetry that bisects the pyrrolidine ring perpendicularly.
The structures of1a and 1b were also investigated by means of
13C NMR spectral analysis.1a shows two signals at 44.3 and 62.3
ppm that are assignable to the sp3-carbon atoms of the pyrrolidine
ring, while 1b shows one signal at 57.8 ppm that is assignable to
the sp3-carbon atoms of the pyrrolidine ring. These suggest that1a
and 1b result from the 6,6- and 5,6-additions of the (CH2)2NTrt
group, respectively.

Isolation of 1a and 1b by the HPLC system using various
columns was not accomplished because of their similar structures.
However,1a was successfully purified from the mixture of1a and
1b by recrystallization, and its structure was determined by X-ray
crystallographic analysis.17 Two enantiomeric isomers are observed
as a disorder in an asymmetric position of the unit cell.18 Figure 1
shows the ORTEP drawings of one enantiomeric isomer of1a. The
ORTEP drawings of another enantiomeric isomer are shown in
Figure S13. It is obvious from Figure 1 that1a is the 6,6-adduct of
(CH2)2NTrt, as suggested by13C NMR measurement.

The 139La NMR spectrum of1a measured at 278 K shows a
broad signal atδ ) -464 ppm with a large line-width of 570 Hz,
indicative of overlapping of two nonequivalent La atoms. The
dynamic behavior of La atoms should be reflected in the139La NMR
line-width. Accordingly, we observed a large broadening of the
139La NMR line-width with increasing temperature from 305 to 363
K for La2@C80 due to the spin-rotation relaxation.3 In contrast,
such a broadening phenomenon of the line-width due to the spin-
rotation relaxation was not observed for1a upon increasing the
temperature from 278 to 313 K, suggesting that two La atoms do
not circulate inside the cage, unlike the case of La2@C80.

† University of Tsukuba.
‡ Tokyo Gakugei University.
§ Bruker AXS.
¶ Rikkyo University.
# Institute for Molecular Science.

Scheme 1

Published on Web 01/13/2006

1402 9 J. AM. CHEM. SOC. 2006 , 128, 1402-1403 10.1021/ja056560l CCC: $33.50 © 2006 American Chemical Society



Theoretical calculations of La2@C80(CH2)2NH show that almost
three electrons are transferred from each La to C80(CH2)2NH, and
its electronic structures is formally described as [La2]6+[C80(CH2)2-
NH]6-.19 The electrostatic potential maps calculated for the 6,6-
and 5,6-adducts of [C80(CH2)2NH]6- are shown in Figure 2. For
the 5,6-adduct, the electrostatic potentials inside the cage are very
flat, as calculated for [C80(C8H6(OCH3)2)]6-,8 and suggest that two
La atoms can rotate rather freely. In contrast, the electrostatic
potential map for the 6,6-adduct shows a minimum on the mirror
plane inside the cage. It should be most highly stabilized when
one La3+ cation is located near the minimum and the other La3+

cation is far away to minimize the electrostatic repulsion between
La3+ cations. As a result, two La3+ cations are fixed, as shown in
Figure 1.20 This was confirmed by optimizing the structure of1a
using density functional calculations (see Supporting Information).19

It is noted that the motion of La atoms is controllable by the
additional positions.

In conclusion, the 6,6- and 5,6-adducts of a C80 endohedral
pyrrolidinodimetallofullerenes were successfully synthesized and
characterized, and the structure of the 6,6-adduct was fully
determined by means of X-ray crystallographic analysis. Two La
atoms are fixed in the 6,6-adduct, unlike the random circulation in
La2@C80, and can be regulated by additional positions.
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Figure 1. (a) Front and (b) side view of the ORTEP drawings of one
enantiomeric isomer of1a at 90 K. Thermal ellipsoids are shown at 50%
probability level. The hexane molecules are omitted for clarity.

Figure 2. The electrostatic potential maps of (a) 5,6- and (b) 6,6-[C80(CH2)2-
NH]6-.
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